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in	 the	 south	 and	 inland	 to	 the	 Riverside	
area.	CSS	vegetation	 is	 diverse	 and	 spe-
cies	rich,	but	typically	dominated	by	a	few	
shrub	species,	such	as	Artemisia californica 
Less., Eriogonum fasciculatum Benth., 
Salvia mellifera Greene, S. leucophylla 











dominant	 species	 exhibit	 sclerophyllous	
leaves,	 small	 leaves,	 are	 succulents,	 or	
have	extensive	root	systems.
European	settlement	of	California	resulted	
in	 extensive	 loss	 of	CSS	 and	 conversion	





management	 practices	 through	 the	 early	
20th	 century	 often	 included	 intentional	
fire	to	burn	off	scrub	and	encourage	forage	
(Burcham	 1957).	 Most	 lands	 within	 the	











to	 agriculture,	 urban	 development,	 and	











United	 States,	 and	 is	 considered	 one	 of	
the	 most	 threatened	 ecosystems	 in	 the	
country	(Noss	et	al.	1995).	In	an	effort	to	
preserve	 CSS,	 government	 agencies	 and	
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private	 conservancies	 have	 been	 acquir-




vegetation	 has	 been	 replaced	 by	 exotic	





the	 city	 of	 Ramona,	 California,	 where	
we	conducted	our	 research,	was	used	by	
Mission	 San	Diego	 for	 cattle	 grazing	 in	
the	 mid-eighteenth	 century.	 The	 County	
bought	 the	 property	 in	 2002	 to	 become	
part	of	the	County	Multi-Species	Conser-
vation	 Plan,	 a	 habitat	 conservation	 plan	
designed	 to	 satisfy	 mitigation	 concerns	
regarding	 development	 and	 endangered	
species	 (Helix	 Environmental	 Planning	
2004).	The	 entire	 294-ha	 reserve	 burned	
in	a	wildfire	in	November	2003.	Although	
the	 property	 was	 purchased	 for	 its	 na-
tive	 habitat	 value,	 approximately	 95	 ha	
is	 dominated	 by	 weedy	 exotic	 grasses	
and	forbs	(Helix	Environmental	Planning	
2004).	 The	 presettlement	 habitat	 of	 this	
land	is	unknown,	but	based	on	fragments	
of	 remnant	 vegetation	 it	 is	 likely	 that	 it	
had	been	a	mix	of	CSS,	native	perennial	



















exotic	 vegetation,	 we	 hypothesized	 that	




the	 native	 seed	 density	 was	 only	 400	
seeds/m2	(Cox	and	Allen	2008a).	If	seed	
inputs	 to	 the	 soil	 are	 stopped,	 the	 weed	











while	 allowing	 depletion	 of	 the	 existing	
seed.	An	adaptive	management	approach	
was	 used	 to	 control	 different	 weed	 life	
forms	 as	 the	 community	 developed	 over	
time.	To	 encourage	 establishment	 of	 the	
native	 community	 of	 forbs	 and	 shrubs,	
the	 broad-spectrum	 herbicide	 used	 ini-
tially	was	 substituted	 by	 a	 grass-specific	
herbicide	after	 three	years.	At	 this	point,	
inflorescences	of	exotic	forbs	were	trimmed	
manually	 to	 reduce	 their	 contribution	 to	
the	 seedbank.	 If	 successful,	 this	 would	
be	a	simple,	relatively	low	cost	approach	
that	 could	 be	 adopted	 by	 land	managers	
in	Southern	California.
METHODS
Research	 plots	 were	 established	 on	 two	
sites	 approximately	 100	 m	 distant	 from	
each	 other	within	 exotic	 grass	 and	 forb-
dominated	 areas	 in	 the	 Barnett	 Ranch	
Reserve.	 The	 vegetation	 adjacent	 to	 the	
research	 site	 is	 a	 subassociation	 of	 CSS	
known	 as	 inland,	 or	 Riversidean,	 sage	
scrub	 (Westman	 1981).	 Our	 preliminary	
vegetation	 survey	 showed	 ~1%	 cover	 of	









a	very	 low	water	 availability	 capacity	of	
















nitrogen	 deposition	 (~6	 kg	 N	 ha-1	 yr-1,	
Fenn	et	al.	2010).
Our	 research	 utilized	 a	 split-plot	 design	
with	 three	 treatments	 at	 each	 of	 the	 two	
sites.	Herbicide	was	 the	main	 plot	 treat-
ment,	applied	to	plots	6	×	18	m	with	five	
replications	 per	 treatment.	 Treatments	
were;	 (1)	 herbicide	 applied	 once	 each	
spring	broadcast	over	the	whole	plot	(here-
after	Herbicide	1X),	(2)	herbicide	applied	
broadcast	 once	 in	 the	 spring	 followed	
by	 spot	 spraying	 weeds	 as	 needed	 that	




ary	 or	March	 each	 year	 depending	 upon	
exotic	 plant	 emergence	 following	winter	
rains.	 Broadcast	 herbicide	 applications	
were	made	with	a	hose-end	sprayer	with	a	
boomless	nozzle	(Boominator	1250)	pres-













one	 or	 less	 per	 plot)	 that	 had	 survived	
the	wildfire.	The	herbicide	used	annually	




seven	 native	 CSS	 species	 or	 nonseeded.	
Subplots	were	assigned	 randomly	 to	one	
half	 of	 the	 main	 plots	 divided	 on	 the	
22 Natural Areas Journal Volume 36 (1), 2016
axis,	6	×	9	m.	Seeding	occurred	in	Febru-
ary	2007,	the	second	season	of	treatment.	
Before	 seeding,	 all	 unsprayed	 control	
plots	were	mowed	to	2–6	cm	height	with	
string	 trimmers	 to	 improve	 seed	 contact	
with	soil.	The	mowed	duff	was	raked	off	
the	plots	 to	 buffer	 areas,	 taking	 care	 not	
to	 rake	 duff	 across	 different	 treatments.	
The	herbicide	treated	plots	had	scant	litter	
or	 living	 plants	 so	 de-thatching	 was	 not	
needed.	 Commercial	 seed	 (S&S	 Seeds	
Inc.)	 that	had	been	imbibed	for	24	hours	
were	 hand	 sown	 following	 duff	 removal	
and	 in	 anticipation	 of	 rainfall.	 Species	
sown	included	Eriophyllum confertiflorum 
(DC)	A.	 Gray, Eriogonum fasciculatum, 
Acmispon glaber (Vogel)	 Brouillet, A. 
strigosus (Nutt.)	 Brouillet, Marah mac-
rocarpa (Greene)	Greene, Crocanthemum 
aldersonii (Greene)	Janch., and Cryptantha 
intermedia (A.	Gray)	Greene.	All	seed	had	





















spray	 treatments	were	 also	 suspended	 in	
2010	 and	 no	 herbicides	 were	 applied	 in	
2011.	To	assist	 in	continued	depletion	of	
the	weed	seed	bank,	the	inflorescences	of	
weedy	 species,	 principally	Erodium spp.	
and	Hirschfeldia incana (L.)	Lagr.-Fossat,	








because	 of	 fiscal	 limitations.	 Data	 were	
again	collected	in	2010.	For	analysis,	cover	
data	for	species	were	combined	into	three	
functional	 groups:	 native	 forbs,	 exotic	
forbs,	 and	 exotic	 grasses.	 Pretreatment	





treatment	 application.	The	 2006	 through	






were	 combined	 to	 have	 one	 sample	 per	
main	 plot	 (i.e.,	 there	 were	 five	 replica-
tions).	 The	 repeated	 measures	 analysis	
showed	significant	year	(repeated	measure)	



















In	 2011,	 an	 inventory	 of	 native	 shrubs	
was	taken	counting	all	individuals	of	five	
species	 (A. glaber, E. confertiflorum, E. 
fasciculatum, A. californica,	 and Salvia 
apiana Jeps.)	 in	 each	 of	 the	 6	 ×	 9-m	
subplots	 (total	 of	 30	 subplots).	 Factorial	
ANOVA	was	performed	on	count	data	on	
these	five	species	and	the	combined	data	
of	the	three	seeded	species	(A. glaber, E. 
confertiflorum and E. fasciculatum) in	
Site	 1. There	 was	 low	 shrub	 emergence	
in	Site	2,	and	many	plots	had	no	seeded	
plants	 emerge	 at	 all,	 so	 these	 data	 were	
not	analyzed	statistically. Site	1	data	were	




evant	 to	 treatments.	 These	 included:	 the	
amount	of	herbicide	used;	the	time	required	
to	spray	treated	plots,	both	broadcast	and	
spot	 spray;	 and	 time	 required	 to	 trim	




Pretreatment	 cover	 at	 both	 sites	 was	
dominated	 by	 a	 small	 number	 of	mostly	
exotic	 species,	 largely	 Erodium botrys 





was	 affected	 significantly	 by	 herbicide	
treatment	 compared	 to	 controls	 over	 the	
three	years	2006–2008,	with	a	significant	
interaction	 of	 the	 repeated	 measure	 by	
treatment	 for	 native	 forbs	 in	 Site	 2,	 but	
not	Site	1	(Table	2).
Herbicide Treatment Effects on Plant 
Cover by Functional Group
Exotic	 grass	 cover	 was	 significantly	 de-
creased	by	both	the	1X	and	2X	herbicide	
treatments	 compared	 to	 controls	 in	 both	
sites,	 and	 there	 were	 significant	 interac-
tions	of	the	repeated	measure	(cover	over	




diandrus Roth, Hordeum murinum L. and 
Avena fatua L.	While	the	repeated	measures	
analysis	 showed	 an	 overall	 response	 by	
grass	 over	 the	 three	 years	 in	 both	 sites,	
univariate	 analyses	 in	 2006	 showed	 that	
post-treatment	exotic	grass	cover	did	not	
differ	 between	 herbicide	 treatments	 at	
either	site	(F	=	3.777,	P	=	0.07	at	Site	1	
and	F	=	0.504,	P	=	0.620	at	Site	2,	Figures	
1a	 and	 1d).	However,	 the	 treatment	was	
effective	 by	 the	 second	 year	 of	 applica-
tion,	as	both	herbicide	treatments	greatly	











Exotic	grass	 cover	 increased	 annually	 in	
both	 sites	 in	 the	 unsprayed	 control	 plots	
(F	=	27.706,	P	<	0.0001	for	Site	1	and	F	
=	28.558,	P	<	0.0001	for	Site	2).
Exotic	 forb	 cover	 comprised	 24	 species,	
18	 in	 Site	 1	 and	 22	 in	 Site	 2.	The	most	
common	species	were	E. botrys, Lysima-
chia arvensis (L.)	U.	Manns	&	Anderb. , 
H.incana and Silene gallica L.	Exotic	forb	
cover	was	also	significantly	decreased	by	
both	 the	 herbicide	 treatments	 compared	
to	the	unsprayed	control	in	both	sites,	but	
there	were	 significant	 interactions	 of	 the	
repeated	measure	by	treatment	(Table	2).	
The	 univariate	 analyses	 showed	 no	 sig-
nificant	 differences	 in	 exotic	 forb	 cover	
among	 herbicide	 treatments	 in	 the	 first	
year	(F	=	2.235,	P	=	0.169	Site	1	and	F	=	
1.04,	P	=	0.396	in	Site	2,	Figures	1b	and	
1e).	 In	 the	 second	and	 third	years	 (2007	
and	 2008),	 herbicide	 treatments	 greatly	
reduced	exotic	forb	cover	compared	to	the	
control	(F	=	36.323,	P	<	0.0001	in	2007	






Herbicide	 1X	 treatment	 did	 not	 (Figure	
1e).	Exotic	forb	cover	data	for	Herbicide	






Site Native Species Exotic Forbs Exotic Grasses
Artemisia californica  (0.3%) Hirschfeldia incana (0.3%) Avena sp. (0.2%) 
Daucus pusillus (0.08%) Brassica nigra  (0.1%) Bromus  sp. (4.4%)
Acmispon glaber  (.02%) Erodium botrys  (60.1%) Hordeum  sp. (0.03%)
E. ciculatarium  (0.5%)
Logfia gallica  (0.01%)
Hypochaeris glabra  (0.1%)
Silene gallica  (0.5%)
Total Cover: <1% Total Cover: 61.2% Total Cover: 5.3%
Ambrosia confertiflora (0.1%) Lysimachia arvensis  (0.1%) Avena sp. (0.9%) 
Pseudognaphalium californicum 
(0.4%)
Convolvulus arvensis  (0.1%) Bromus  sp. (31.5%)
(0.4 ) E. botrys  (6.7%) Hordeum  sp. (18.1%)
Rumex crispus  (0.1%)
Total Cover: <1% Total Cover: 7.0% Total Cover: 49.8%
1
2
Table 1. Pretreatment percent cover estimates (n = 30) by experimental site. Barnett Ranch Reserve, Ramona, California, March 2006.
Factor
Site 1 df F P F P F P
Treatment 2 30.1 <0.0001 16.8 0.0003 11.6 0.0016
RM (cover over 3 years) 2 5.37 0.0118 10.1 0.0007 4.03 0.0309
RM X treatment 4 0.29 0.8795 9.4 <0.0001 10.5 <0.0001
Site 2
Treatment 2 15.7 0.0004 6.98 0.0098 56.8 <0.0001
RM (cover over 3 years) 2 40.4 <0.0001 65.3 <0.0001 16.9 <0.0001
RM X treatment 4 5.6 0.0024 7 0.0007 12.5 <0.0001
Native Forbs Exotic Forbs Exotic Grasses
Table 2. Statistics (df, F, and P values) for repeated measures ANOVA and interactions for percent cover at Site 1 (forb site) and Site 2 (grass site). The 
repeated measure (RM) is cover over three years (2006–2008) with three treatments (herbicide 1X, herbicide 2X, and control) and five replications. Analysis 
conducted on arcsin transformed data. Data collected June 2006 through June 2010 at Barnett Ranch Reserve, Ramona, California.
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Figure 1. Exotic grass, exotic forb, and native forb percent cover ± SEM by experimental site as affected by treatment, Barnett Ranch Reserve, Ramona, 
California, 2006 through 2010. Plots were treated with herbicides annually in spring prior to vegetation sampling each May, and were seeded with native 
species in February 2007. Figure 1a is exotic grass cover in Site 1; 1b is exotic forb cover in Site 1; 1c is native forb cover in Site 1. Figure 1d is exotic grass 
cover in Site 2; 1e is exotic forb cover in Site 2; 1f is native forb cover in Site 2. Treatment means within a year that share the same letter above the bars 
are not different according to the Tukey-kramer Highly Significant Difference Test, P = 0.05. Lack of letters above the means indicate that there were no 
significant differences among treatments.
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Native	 forb	 cover	 increased	 significantly	











15.30,	 P	 =	 0.0018	 and	 F	 =	 18.53,	 P	 =	
0.001,	 respectively;	Figure	1f).	Similarly	
in	 2010,	 the	 univariate	 analyses	 showed	









Seeded	 native	 species	 cover	 was	 low	
throughout	the	experiment.	Two	of	seven	
seeded	 species,	 M. macrocarpa	 and	 C. 
aldersonii,	were	not	detected	in	any	of	the	
plots	in	any	year.	Cover	never	exceeded	2%	





The	 2011	 shrub	 inventory	 had	 enough	
germinated	 shrubs	 to	meet	 the	 standards	
of	normally	distributed	data	 for	ANOVA	
in	Site	 1	 for	 four	 species,	 but	 not	 for	S. 
apiana (Table	3).	Site	2	did	not	have	suf-
ficient	 shrub	 data	 for	 statistical	 analysis.	
In	 the	 case	of	A. californica,	which	was	



















cies	(A. glaber,	F	=	11.001,	P	=	0.003; E. 







and	 introduced	 as	 seed,	 benefitted	 from	
annual	 herbicide	 treatments	 for	 several	
years	 (Figures	 1c	 and	 1f,	 Table	 3).	 The	
improvement	in	native	species	cover	seems	
to	be	mostly	related	to	controlling	exotic	








efforts	 that	 rely	 entirely	 on	 the	 remnant	
native	 seedbank,	 especially	 considering	
that	 this	 was	 a	 ranch	 used	 continuously	
for	more	than	two	centuries.
This	 also	 suggests	 that	 concentrating	 on	
exotic	annual	grass	control	can	be	a	use-
ful,	simple,	low-cost	restoration	technique	
(Table	 4).	The	 cost	 of	 1X	herbicide	was	
estimated	 at	 $604/ha	 total	 for	 four	years	
of	application.	This	provided	weed	control	
equal	to	other	more	costly	treatments,	and	
native	 cover	 establishment	 as	 effectively	
as	more	costly	seeding.	The	multiyear	ap-
proach	can	also	be	recommended	in	order	
to	 exhaust	 exotic	 seed	 banks,	 especially	









glyphosate	 were	 sparse	 in	 litter,	 provid-
ing	soil	contact	for	seeds.	Hand	trimming	
inflorescences	following	fluazifop	in	2010	




Seeded Not Seeded Seeded Not Seeded Seeded Not Seeded
Acmispon glaber 4.6 (1–9) 2 (0–5) 5.2 (1–13) 1 (0–3) 2.8 (0–8) 0.4 (0–2)
Eriogonum fasciculatum 14.2 (8–25) 1.6 (0–8) 16.2 (12–26) 2.2 (0–6) 0.8 (0–2) 0.2 (0–1)
Eriophyllum confertiflorum 5.2 (0–15) 0 8 (0–19) 0.2 (0–1) 0 0
Combined seeded species 24 3.6 29.4 3.4 3.6 0.6
Artemisia californica 
     (Unseeded)
Herbicide 2X ControlHerbicide 1X
5.6 (0–16) 2.0 (0–5) 0.8 (0–1)
Table 3. Shrub inventory for three species seeded in Site 1, Barnett Ranch Reserve. Values are mean counts of five plots (5.7 m2) followed by range of low 
to high counts per plot. Barnett Ranch Reserve, Ramona, California, June 2011.
26 Natural Areas Journal Volume 36 (1), 2016




ssp.	asper and Centaurea melitensis L.),	but	
did	not	reduce	shorter-statured	exotic	forb	
species	(i.e.,	Erodium spp., S. gallica, L. 
arvensis)	(DiTomaso	2002;	Radosevich	et	
al.	2007). This	practice	was	relatively	labor	







One	 concern	 of	 using	 a	 broad-spectrum	
herbicide,	 such	 as	 glyphosate,	 is	 that	
the	native	 species	will	 also	be	 impacted.	











to	 show	 a	 positive	 response	 to	 herbicide	
treatments.	Control	of	exotic	forbs	(mainly	
Erodium	spp.)	was	successful	from	2006	
to	2008,	but	not	 in	 the	 long	 term	 in	 this	






are	 controlled	 by	 fluazifop	 (Christopher	
Materials Labor Total
Herbicide 1X Annual broadcast herbicide application1 $354 $250 $604 
Herbicide 1X plus Annual broadcast herbicide application
1
$354 $250 
seeding Seeding2 $2,000 $50 
Annual broadcast herbicide application1 $354 $250 
Seeding2 $2,000 $50 
Inflorescence trimming3 0 $3,500 
Annual broadcast herbicide application1 $354 $250 
Spot spray herbicide4 $52 $720 
Annual broadcast herbicide application1 $354 $250 
Spot spray herbicide4 $52 $720 
Seeding2 $2,000 $50 
Annual broadcast herbicide application1 $354 $250 
Seeding2 $2,000 $50 
Spot spray herbicide4 $52 $720 
Inflorescence trimming3 0 $3,500 
De-thatch before seeding5 $10,000 










Herbicide 2X $1,376 
1 Broadcast herbicide application for 2006–2009; materials were glyphosate at 5 L/ha/year x $13/L x 4 years = $260, fluazifop at 
1.3L/one year x $72/ L = $94; labor cost at $20/hour x 2.5 hour/ha/year x 5 years = $250.
2 Seed cost from suppliers invoice and recommended seeding rates; labor at $20/hour x 2.5 hour/ha for hand seeding.
3 Inflorescence trimming = utilizing a string trimmer or swing blade, 148 hours/ha x $20/hour in 2010, 49 hours/ha x $20/hour in 
2011, applied across all herbicide treated plots.                                                                                                                                                                       
4 Spot spray application for 2006–2009; material was glyphosate at 1 L/ha/year x $13/L x 4 years = $52; labor cost $20/hour x 9 
hour/year x 4 years = $720.
5 De-thatch labor cost at $20/hour x 500 hours/ha = $10,000 in first year only.
Herbicide 2X plus 
seeding
$3,426 






Table 4. Field management activity costs, on a per hectare basis in US dollars, March 2006 through April 2011, Barnett Ranch Reserve, Ramona, Cali-
fornia.
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and	Holtum	2000;	Steers	and	Allen	2010),	
but	 the	 dominant	 species	 at	 our	 site,	 E. 







but	 the	 lack	 of	 effective	 control	 in	 2010	
apparently	 allowed	 the	 exotic	 forbs	 to	
re-infest	 the	 area	 resulting	 in	 very	 high	
percent	cover	in	2010	(Figure	1b	and1e).	









exotic	 forb	 seedbank	 was	 depleted	 may	
not	be	cost	effective	and	may	also	nega-
tively	impact	seed	production	by	natives.	
Furthermore,	 these	were	 relatively	 small	
plots	 and	 could	 easily	 be	 reinvaded	 by	
adjacent	weedy	vegetation	(Baythavong	et	
al.	2009).	All	restoration	sites	are	unique	
and	 will	 require	 adaptive	 management	
tailored	 to	 the	 local	 conditions	 (Clewell	
and	Rieger	1997).
Our	 results,	 as	well	 as	 published	 studies	
on	restoration	seeding,	support	two	conclu-
sions.	One	is	that	seeding	was	successful	
in	 introducing	 (or	 re-introducing)	 some	
of	these	species	to	our	study	sites	(Table	
3)	 (Eliason	and	Allen	1997;	Cione	et	 al.	
2002;	 Cox	 and	Allen	 2008b).	 The	 other	
is	that	eliminating	the	exotic	grasses	was	
clearly	 beneficial	 to	 germination	 and	
establishment	of	these	seeded	species,	as	
also	 supported	 by	 other	 studies	 (Eliason	
and	 Allen	 1997;	 Cox	 and	 Allen	 2008b,	
2011;	Marushia	and	Allen	2011;	Kimball	







tion	 for	 this	 result,	 but	 lack	of	 sufficient	
precipitation	following	sowing	is	a	likely	
cause	 (Eliason	and	Allen	1997;	Cione	et	
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